In the present paper, we show that the absorption of a single photon can singly ionize both atoms of a helium dimer (He 2 ): ionization with simultaneous excitation of one atom followed by de-excitation via interatomic Coulombic decay leads to the ejection of an electron from each of the the two atoms of the dimer. Using the Cold Target Recoil Ion Momentum Spectroscopy technique (COLTRIMS), we obtained angular distributions of these electrons in the laboratory frame and the molecular frame. We observe a pronounced variation of these distributions for different regions of kinetic-energy releases of the ions.
I. INTRODUCTION
Interatomic Coulombic decay (ICD) was first predicted by Cederbaum and coworkers for molecular clusters [1] . It has been observed experimentally in various van der Waals clusters consisting of Ne, Ar, and Xe atoms (see, e.g., [2] [3] [4] [5] ) and even water molecules [6, 7] . In contrast to these many-electron systems observed so far, the helium dimer (He 2 ) has only four electrons. It is the most fundamental system in which ICD can occur.
In a shakeup process, we ionize and excite one atom of a helium dimer with a single photon hν from a synchrotron source. An intermediate excited dimer ion He 2 + * is created:
He 2 + hν → He 2 + * + e − photo (1) As ICD occurs, these excited states [e.g., He + * (2p)] can de-excite by transferring the excitation energy via Coulomb interaction to the neutral neighbor, at which it causes the ejection of an ICD electron. This interaction can also be considered as the exchange of a virtual photon [8, 9] : He 2 + * → He + + He
In a terminal step, the two ions in the final state are driven apart by the repulsive Coulomb potential in a Coulomb explosion. To good approximation, the kinetic energy release (KER), which is the kinetic energy of the ions in the centerof-mass frame, is inversely proportional to the internuclear distance at the instant of ICD.
In a previous Letter [10] , we have demonstrated experimentally the existence of ICD in the helium dimer and focused on the distribution of the KER. It exhibits an oscillatory structure, which results from the vibrational structure of the intermediate He 2 * + state [11] . We also found a direct photo double-ionization channel of He 2 , which, however, is much weaker than ICD [12] . In the present paper, we show results from the same experimental run as [10] . We analyze the angular * Doerner@atom.uni-frankfurt.de distribution of the photoelectrons in the laboratory frame and the ICD electrons in the body fixed frame of the molecule. The observed angular distributions are much richer in structure than all ICD electron angular distributions reported before for more complex systems [13] [14] [15] [16] .
II. EXPERIMENT
The experiment was performed at beamline UE112PGM2 of the BESSY synchrotron. We used the Cold Target Recoil Ion Momentum Spectroscopy technique (COLTRIMS) to measure the momentum vectors of ions and electrons created in the photo reaction in coincidence [17] [18] [19] . By driving helium gas through a 5-µm nozzle into vacuum (1.2 × 10 −4 mbar), we created a supersonic gas jet that contained helium dimers. The nozzle was cooled to 18 K by a continuous flow cryostat while the driving pressure was set to 1.8 bar. With these conditions, one can achieve a dimer fraction of 1-2% in the gas jet [20, 21] . The target density is in the range of 10 11 atoms/cm 3 , which corresponds to a statistical distance of more than 1 µm between the particles. Thus, reactions between (unbound) helium atoms can be neglected. The gas beam enters a scattering chamber through a 0.3-mm skimmer, where it is crossed with a linearly polarized photon beam from the synchrotron. The interaction region is located inside a COLTRIMS spectrometer. Charged fragments from this region are guided by homogenous electric and magnetic fields (12.2 V/cm, 10.3 G) onto two position-and timesensitive detectors. These detectors consist of multichannel plates equipped with a delay-line anode for position readout [22] . Electrons are passing an acceleration region 72 mm long, followed by a 140-mm field-free drift region. Thus, their time of flight (TOF) in the spectrometer is between 37 and 65 ns at a photon energy of 68.86 eV. Ions are accelerated in the opposite direction in a section 23 mm long. Singly charged helium ions in the energy range observed travel for 800-1900 ns in the spectrometer before they hit the detector.
From the TOF and the position of impact on the detector, the three-dimensional (3D) momentum vector was obtained for each particle. In addition, we obtain the charge-to-mass ratio from the TOF. A Coulomb breakup of a dimer into two He + ions creates a clear signature in the data, since the ions have momenta which are directed oppositely. In Fig. 1 , the TOF of one ion is plotted versus the TOF of a second detected ion. Whenever two ions originate from a two-particle Coulomb explosion, momentum conservation leads to characteristic lines in this spectrum. The green curves in Fig. 1 show a simulation of the spectrometer marking possible locations of events for different molecules. The breakup of helium dimers is clearly visible, and in addition lines from the residual gas can be identified.
This allows us to separate reactions of dimers and ionization processes in monomers (helium atoms). Furthermore, we can exclude background and possible reactions with larger clusters by selecting only events where both ions are emitted back to back. The rate of these events was about 7 Hz at a total ion rate of about 10 kHz, belonging mainly to photo-ionized helium monomers. The discrepancy between the rate of the detected dimers and the dimer fraction in the gas jet is due to different ionization mechanisms for dimers and monomers. In addition, the efficiency to detect the two ions of a dimer breakup in coincidence is decreased, compared with the efficiency to detect a single ion (from a monomer).
III. RESULTS AND DISCUSSION
In our measurement, we obtain the energy of all detected fragments of each reaction in coincidence. Figure 2 shows the kinetic energy of all measured electrons as a function of the KER at a photon energy of 68.86 eV. Here one can see two separated features, which can be associated to electrons from the two different ionization steps. The first group of electrons has a fixed energy of 3.46 eV, independent of the KER. These electrons originate from a photoionization process, where photon absorption leads to the ejection of one electron (photoelectron), while the ion remains in an excited state [see Eq. (1)]. The energy of the ejected photoelectrons is thereby given by E ephoto (n) = E γ − 24.59 eV − (54.42 eV − 13.6 eV × 4 n 2 ). The diagonal feature in Fig. 2 can be identified as ICD electrons. They are emitted from the neutral center after relaxation of the excited dimer ion (He 2 + * ). The energy transferred is given by E(n) = 54.42 eV − 13.6 eV × 4 n 2 . This energy enables the ionization of the neutral center in the dimer ion, while the rest (16.226 eV for n = 2) is converted into kinetic energy of the ICD electron and the KER. The constant sum of these two quantities leads to the observed diagonal in Fig. 2 .
A. Photoelectron angular distributions
The clear signature for photoelectrons and ICD electrons allows us to analyze both species separately. For the photoelectron we measured the angle between the direction of electron and the polarization vector. Figure 3 shows the distribution of for all photoelectrons at a photon energy of 68.86 eV.
In a first approximation, we can compare photoionization of an atom of the dimer compound with the well-known process for a single helium atom. The differential cross section for each excited state can be described by
where σ (hν) is the total cross section, P 2 (cos ) is the second Legendre polynomial, and β(hν) is the asymmetry parameter, which completely describes the shape of the angular distribution. Previous experiments with helium atoms showed an asymmetry parameter β of 0.09 at the present photon energy [23] . This is already in good agreement with the almost isotropic distribution shown in Fig. 3 . In Fig. 4 , we plotted the distribution of for different regions of the KER. A significant change with KER is observable. These data sets can now be fitted using Eq. (3) to obtain β as a function of the KER in steps of 0.5 eV (see Fig. 5 ). The β is very close to the atomic value up to a KER of 8 eV and shows a sharp decrease above that energy. This effect can be explained by different populated states in the excited dimer ion He 2 + * . A photon energy of 68.86 eV allows single ionization plus excitation of a helium atom to 2s or 2p states only. Since the energy splitting between both states is only about 58 µeV [24] , the measured β in previous experiments is a mixture of both states. Photoelectrons from 2s excitations have β(2s) = 2. Hence only the fraction of populated 2p states affects the measured asymmetry parameter. A theory of Jacobs et al. predicts β(2p) = −0.72 (dashed line in Fig. 5 ) in the region of photon energies [25] considered in our measurement. This leads to the constant overall β of 0.09 (dotted line in Fig. 5 ), which has been measured by Lindle et al. for the atomic case.
The observed KER dependence of β for the dimer thus shows that the s to p ratio changes as a function of the KER. This is in line with the theory of Sisourat et al. [11] shown in Fig. 5 . Depending on the populated atomic orbital, a combined system with molecular symmetry or can be built. As 2s and 2p are very close in energy, nonadiabatic coupling can occur between states with the same molecular symmetry. Thus transitions between (2s) and (2p) states are possible. The upper panel in Fig. 5 shows the calculated contribution of states with the two symmetries to the total KER. The region [23] . The dashed line shows a theory of β for 2p states only [25] .
up to 8 eV KER is dominated by states. Hence, 2s as well as 2p excitations can contribute to this region. In contrast, the KER above 9 eV is dominated by excitations with a molecular symmetry of . These states can be constructed only from atomic excitations to 2p orbitals. Accordingly, an increased fraction of 2p states is expected for the region of high KER. The observed decrease of β toward the value for pure 2p excitation is in good agreement with these results.
B. ICD electron angular distributions
By measuring the complete momentum vector of all particles, we obtain the angle ϑ between the emission direction of an electron and the fragmentation direction of the dimer, that is, the direction of emission of the two He ions. For the photoelectrons, the fragmentation direction is irrelevant, since the dimer has time to rotate between the first ionization step and ICD. A semiclassical estimation leads to rotation periods of several picoseconds. Thus, they are of the same order as the lifetime of the excited system [11] . This will wash out any structure of the photoelectron angular distribution [26] . For the ICD electron, however, the fragmentation direction corresponds to the orientation of the dimer axis at the instant of ICD. Therefore, we are able to obtain ICD electron angular distributions in the body fixed frame of the dimer. Figure 6 shows this distribution integrated over all values of the KER.
We now investigate the angular distributions of the ICD electron for different regions of KERs (Fig. 7) . A strong variation of ϑ with the KER is found.
For Auger electron angular distributions, at least three distinct physical effects determine the angular distribution [27, 28] : (a) the shape of the bound-state orbitals (hole state and both participating electrons) [ • and 90
• are mirrored into the other three quadrants.) the ejected electron in the molecular potential [27, 31] , and (c) for homonuclear diatomics also two-center interference, resulting from the indistinguishability of the two ends of the molecule [32, 33] . For ICD, we expect the same effects to play a role.
The variations with KER observed in Fig. 7 therefore clearly indicate that the dominating states in excited dimer ion He 2 + * differ for different values of the KER. The ICD process with excitation to n = 2 in the helium dimer is dominated by the population of four potential-energy curves [11] . As the final state of the He + -He + system allows for two different orientations of the spins, the process is composed of eight different transitions. Depending on the internuclear distance, these transitions contribute with different intensities.
Because no calculations of the angular distributions are currently available, we compare our data to the predictions of a very simple model. Our model has two major ingredients, which we believe capture most of the physics essence of ICD in the helium dimer. First, it is the analogy to photoionization due to the virtual photon exchange, and second, the two-center nature of the emission which leads to a distance-and wavelengthdependent interference term [32, [34] [35] [36] . However, the model completely neglects multiple scattering of the ICD electron in the final two-center potential.
For dipole allowed transitions, ICD may be thought of as a photoionization of a neutral He atom by a (virtual) photon, emitted by the relaxation from He + (2p) to the ground state. The angular part of the wave function, emitted from one or the other center, is hence given by a spherical harmonic Y lm . For ICD, the value of l is restricted to 1, while the m value is the m of the decaying neighbor. Following the suggestion of Cohen and Fano [34] [35] [36] , the two-center nature of the problem can be approximately accounted for by coherently superimposing two spherical waves e i k· r in a distance R. In this approximation, the final ICD wave function is therefore of the form Here k is the ICD electron momentum, r is its position, and R is the internuclear vector. The ± together with the m defines the parity of the ICD electron wave. It is given by the difference of the parity of the initial He 2 + * and the final He 2 2+ molecular state. This yields to the following table:
In order to go beyond the reflection approximation (that was showed to be rather poor for the helium dimer in [12] ), we computed as in [11] the vibrational levels of the neutral He 2 , He-He + * as well as the dissociative states of He + -He + . Incorporating the ICD electron wave function of our simple model in the transition amplitudes, the angular distribution at a fixed KER is given by
where Fig. 7 .
Given the simplicity of the model, the agreement between the measured distribution and simulation is surprisingly good in the range of high KER and accordingly small internuclear distance, but the simulation fails at lower KER.
IV. CONCLUSION
In conclusion, we have shown that the emission direction of photoelectrons in the laboratory frame strongly depends on the KER. As reason for this variation, we could identify a different ratio of excitations to 2s and 2p states. Thus, a separation between both atomic excitations is possible, if the atom is part of a dimer compound. An analysis of angular distributions of ICD electrons in the dimer fixed frame shows a strong dependency on the KER, as well. The rich structure observed calls for theoretical work on ICD electron angular distributions. Such molecular continuum electron angular distributions can be calculated very precisely if the molecular states involved are known. Therefore, the comparison of the experimental and calculated angular distribution can in turn be used to identify the molecular states involved [29, 30] . We believe that this is a promising route to clarify the remaining differences in the experimentally obtained KER, electron energy distribution [10] , and most advanced ICD calculations [11, 37] .
